Abstract -Nutrition is a major factor affecting animal health, resistance to disease, and survival. In honey bees (Apis mellifera), nectar or honey (carbohydrates) is the energy source, while pollen, which is the sole dietary source of protein, is essential for both larval and adult development. Royal jelly (RJ), a secretion from workers with high protein content, plays a critical role in which queens are fed throughout their lives, is responsible for switching the worker phenotype into the queen one. The role of RJ in extending the lifespan of caged workers is not clear. In this study, we determined longevity of caged workers fed with different diets (carbohydrate only, pollen, and pollen+ RJ) and also expression of six genes in these bees. We found that workers fed with pollen and royal jelly together (P+ RJ+) showed the best survival, followed by workers fed with pollen only (P + RJ−), and workers fed with neither pollen nor RJ (P− RJ−) had the shortest life. Pollen only (P + RJ−) and royal jelly together (P+ RJ+) significantly affected four of the six genes studied. While pollen and royal jelly together (P+ RJ+) only affected the vitellogenin gene compared to pollen only (P+ RJ−). These results demonstrate that pollen and RJ extended worker longevity, suggesting that they may improve the nutritional conditions of bees or contain health and longevity-promoting factors. Further analysis of the lifespanextending genes may broaden our understanding of gene network involved in the regulation of longevity.
INTRODUCTION
Lifespan in metazoans is influenced not only by genetic factors, but also by environmental factors, including temperature, oxygen, food intake, and nutrition. The availability of environmental nutrients is a key determinant of organism growth and survival. A deficient or improper diet can have negative consequences on health and susceptibility to a variety of pathogens (Li et al. 2007 ).
The honey bee (Apis mellifera) is an important model for such studies, because its dietary requirements are well-known. Nectar or honey (carbohydrates) is the energy source, while pollen provides the nutrients required for their internal organ development (Haydak 1970) . Protein constitutes 2.5 to 61 % of the dry mass of pollen (Roulston and Cane 2000) , which is virtually the only source of protein naturally available to honey bees. Nutrients reported from pollen also include lipids (1-20 %), amino acids, starch, sterols, vitamins, and minerals (Roulston and Cane 2000) . Together, these molecules combine to make pollen nutrition one of the most important factors influencing the longevity of newly-emerged bees.
Royal jelly (RJ) is a secretion produced by nurses with glandular products from mandibular glands and hypopharyngeal glands. RJ is composed of water, proteins, sugars, lipids, vitamins, and free amino acids (Sabatini et al. 2009 ). In addition, RJ contains a variety of bioactive substances, including AMP N1-oxide, peptides, acetylcholine, and fatty acids, such as 10-hydroxy-2-decenoic acid (10-HDA) (Blue et al. 1959) . RJ is reported to extend the lifespan of Drosophila (Kamakura 2011), mice (Inoue et al. 2003) , and nematode C. elegans (Honda et al. 2011 ) with artificial feeding. This suggests that royal jelly contains longevitypromoting agents (Alaux et al. 2011) .
How pollen affects honey bee health has been well studied (reviewed by Huang (2012) ). Besides significantly extending the lifespan of worker honey bees, pollen has been shown to increase the resistance of honey bees to Nosema apis and deformed wing virus, reduce sensitivity to pesticides, and increase the expression of genes affecting longevity and those coding for antimicrobial peptides.
However, the proper amount of protein to caged bees is not clear. Herbert et al. (1977) found that caged bees fed with a high protein diet (50 %) showed a higher mortality than did those fed less protein (5 and 10 %). They concluded that the high mortality might be due to excessive protein resulting in an inability of bees to defecate (Human et al. 2007) . Similarly, Lin and Winston (1998) observed that all bees fed with 100 % royal jelly died within 3 days in cages. They also suspected the inability to defecation as the cause of death, but it might be also due to the fact that RJ alone does not provide enough carbohydrate to supply enough energy and the bees died as a result of starvation. More recently, Pirk et al. (2010) also found that bees survived best with a diet containing no protein. The protein showed the same effect whether they were provided to bees as casein, pollen, or RJ.
In this study, we determined the lifespan and their gene expression of workers fed with different protein diets. The genes we selected include hdac1, Sir2, Superoxide dismutase (Sod), superoxide dismutase 2 (Sod2), thioredoxin reductase 1 (Trxr-1), and Vitellogenin (Vg). Silent information regulator 2 (Sir2) and histone deacetylase 1(hdac1) are two members of histone deacetylation regulators, and they affect longevity in Drosophila, yeast, and Caenorhabditis elegans (Chang and Min 2002) . Superoxide dismutase (Sod), superoxide dismutase 2 (Sod2), and thioredoxin reductase 1 (Trxr-1) (Orr and Sohal 1994; Parkes et al. 1998; Missirlis et al. 2001 ) are involved in Drosophila lifespan regulation. Vitellogenin (Vg) expression was known to be affected by nutrition in honey bees (Alaux et al. 2011; Cremonez et al. 1998 ).
MATERIALS AND METHODS

Bees and diets
The experiment was performed with the Western honey bee, A. mellifera. In order to obtain a large number of bees of the same age, a naturally mated queen was placed in a queen cage to stop egg-laying for 5 days. Then, the queen was transferred to a queen excluder box for 24 h or less with an empty frame. The brood produced by the queen on this frame were of the same ages (<24 h difference). Three weeks after the queen laid eggs, the frame was removed from the colony and placed in a frame cage in the incubator (dark, 32°C and 70 % RH). After bees emerged, we divided them equally into three cages (cage size 140×150×220 mm, N~200 bees per cage=21 g). All three cages of bees were fed ad libitum with a solution made of 30 % honey, 70 % powdered sugar, and water. One cage (P− RJ−) received no protein at all, with neither pollen nor royal jelly. A second cage (P+ RJ−) was provided with a pollen diet (bee-collected pollen from Camellia sinensis, dried and ground into powder, and mixed with water,~5 g/cage), without RJ. The third cage (P+ RJ+) received both pollen and a royal jelly diet (50 % pollen and 50 % RJ, 5 g of pollen diet and 5 g of freshly collected RJ mixed together). We replicated this experiment using four different colonies. The food was replaced every day and records were kept of mortality in each group.
Reverse transcription PCR
We repeated the same experiment (3 treatments×4 colonies) for providing bees for real time PCR Nutrition affects longevity and gene expression in honey bee analysis. Bees from each group were flash frozen in liquid nitrogen at the age of 8 days because pollen consumption diminishes when bees are 8-10 days old (Crailsheim et al. 1992) . For RT-PCR, 3 samples per cage were collected, and 4 bees were pooled during RNA extraction for each sample. Thus with 4 replicates we have 12 samples per treatment, and 36 samples for the whole experiment.
RT-PCR was performed on six genes (hdac1, Sir2, Sod, Sod2, Trxr-1 and Vg). RNA integrity was determined by agarose gel (1 %) electrophoresis and ethidium bromide staining. The purity and concentration of each RNA sample was measured in triplicate using a UV spectrophotometer (GeneQuant, Pharmacia). The RNA sample was standardized to 1 ng/μl for reverse transcription. cDNA was synthesized using MLV reverse transcriptase (Takara, Japan) according to the manufacturer's instructions, and GAPDH-1 was used as an internal control. Primer sequences, which were designed by Primer 5.0 software, are listed in Table I . The cycling conditions were as follows: preliminary 94°C for 2 min, 40 cycles consisting of 94°C for 15 s, 63°C for 30 s per cycle, and 72°C for 30 s. The specificity of the PCR products was verified by melting curve analysis for each sample. The control and target unigene for each sample were run in the same plate to eliminate interplate variation. The Ct value for each biological replicate was obtained by calculating the arithmetic mean of three technical replicate values. The relative expression level among the three groups was calculated according to Liu and Saint (2002) .
Statistical analyses
We calculated Kaplan-Meier (product-limit) survival estimates for the three nutrition treatments (Kleinbaum and Mitchel 1996) . We tested for differences in survival among the three groups using the log-rank and Wilcoxon tests using the statistics software SPSS 16.0. Wilcoxon tests are more sensitive to differences in survival occurring earlier in the trials, while log-rank tests are more sensitive to differences occurring later (Martinez and Naranjo 2010) . Results of both tests were consistent in every case, and so we report below only the log-rank test results. Relative expression levels among groups were square root transformed to achieve normality and calculated using the formula presented in Liu and Saint (2002) . Genes showing significant differences in expression level were further analyzed by ANOVA, using SPSS 16.0. 
Survival of bees fed with different diets
Bees fed with pollen and royal jelly together (P+ RJ+) showed the best survival compared to bees fed with pollen only (P+ RJ−) or with neither pollen nor RJ (P− RJ−). In addition, bees fed with pollen only (P+ RJ−) also survived better than those with neither pollen nor RJ (P− RJ−) (Figure 1 ). Log-rank tests of survival time indicated that bees fed with three different diets differed significantly in terms of average lifespan (X 2 = 684.67, P < 0.0001) (Table II) .
Relative gene expression in worker abdomens
Bees fed with pollen and royal jelly together (P+ RJ+) and bees fed with pollen only (P+ RJ−) both had a higher expression of Vg than those fed without pollen and RJ (P− RJ−). Bees fed with pollen and royal jelly together (P+ RJ+) also had a higher expression level of Vg than bees fed with pollen only (P+ RJ−). The expression levels of Sod and trxr-1 were higher in bees fed with pollen and royal jelly together (P+ RJ+) and bees fed with pollen only (P+ RJ−) than those fed with neither pollen nor RJ (P− RJ−), but the former two higher groups were not significantly different from each other. Bees fed with pollen and royal jelly together (P+ RJ+) and bees fed with pollen only (P+ RJ−) both had lower expression levels than those fed without pollen and RJ (P− RJ−) in hdac1. Two other genes (Sir2, Sod2) were not significantly different among three groups (Figure 2 ).
DISCUSSION
The main finding in this study is that bees fed with pollen and royal jelly together (P+ RJ+) showed the best survival, followed by bees fed with pollen only (P+ RJ−), and bees fed with neither pollen nor RJ (P− RJ−) had the shortest life. Schmidt et al. (1987) found that the major factor affecting the life span of caged bees was the total amount of protein ingested. Protein-rich (>26 %) pollen of Camellia sinensis contains 10 essential amino acids: lysine, tryptophan, phenylalanine, methionine, threonine, leucine, isoleucine, valine, arginine, and histidine (Su et al. 2000; Li 2003) , which are required for their growth and development Figure 1 . Survival of bees fed three different diets, pooled for all colonies (n=4) for reasons of clarity. Bees were fed with pollen and royal jelly together (P+ RJ+), pollen only (P+ RJ−) and with neither pollen nor RJ (P− RJ−).
Nutrition affects longevity and gene expression in honey bee (de Groot 1953) . It may explain the better survival from pollen diet (P+ RJ−) than neither pollen nor RJ (P− RJ−). This result was consistent with what was found by Di Pasquale et al. (2013) . The mixture of royal jelly and pollen prolonged the lifespan of workers, suggesting that the addition of royal jelly may provide the essential nutritional components for optimal survival, or royal jelly may play a life spanextending function, as reported in some species across phyla (Kamakura 2011; Inoue et al. 2003; Honda et al. 2011) . Royalactin has been reported to induce prolonged longevity in Drosophila (Kamakura 2011) , and it may also have important role in the longevity in caged workers. Because workers did not consume those with RJ alone (P− RJ+) in the preexperiment, we did not have this treatment. However, our data suggest that the effects of pollen and RJ are additive.
Our results are not consistent with those of Pirk et al. (2010) which showed that bees fed with carbohydrate only survived better than bees provided protein mixed with sugar, whether the protein was provided as casein, pollen, or RJ. In fact, their results contradicted earlier studies which showed that pollen always helped worker bees survive better in caged bees (Rinderer and Dell 1977) . The most likely reason is that Pirk et al. (2010) gave bees a mixture of protein and carbohydrate, while in these earlier studies and our current study, we provided bees with protein and carbohydrate separately. It is possible that when bees are forced to eat the mixture to obtain enough carbohydrate for energy needs, excessive proteins might become toxic or indigestible to bees. When carbohydrate in the mixture is extremely low (e.g., when only RJ was provided), bees will starve because they cannot obtain enough carbohydrate from pure RJ, therefore they die due to starvation. This was observed in the Pirk et al. (2010) study where bees died in 5 days when RJ or pollen was provided to bees at a 3:1 ratio to sugar and in an earlier study where bees with pure RJ died within 3 days (Lin and Winston 1998) . We studied the expression of six genes and found an increase in Vg level with a richer diet. Bees fed with pollen and royal jelly diet (P+ RJ+) had the highest Vg level, followed by those fed with pollen alone (P+ RJ−), and finally those with no protein in their food (P− RJ−). The effect of pollen and RJ on Vg expression was similar to their effect on longevity: RJ and pollen further increased Vg expression, which was higher than the control (no protein). Vg is a female-specific glycolipoprotein synthesized in the fat body and transported to the ovaries and other body tissues (Corona et al. 2007 ). It is a yolk protein taken up by developing oocytes and is associated with egg production in queens. It also has antioxidant functions that protect bees from oxidative stress and enhance longevity (Seehuus et al. 2006) . Seehuus et al. (2006) showed that bees with higher Vg expression survived longer after paraquat injection, and Vg knockdown by RNAi treatment significantly shortened lifespan. Corona et al. (2007) proposed that low JH levels induce Vg expression and proposed a negative feedback loop linking high Vg with repression of the IIS pathway, both of which contribute to long life and high fecundity in queen bees. Therefore, Vg level can be potentially an indicator of longevity.
However, none of the other five genes followed this pattern. Three genes (hdac1, Sod, Trxr-1) showed significant changes when bees were fed with pollen but did not improve further with the additional protein from RJ. The other two genes (Sir2 and Sod2) did not respond to either pollen or pollen and RJ. The responses of Sod, Sod2, and Trxr-1 in our study were similar to Alaux et al. (2011) , who also found that Sod and Trxr-1 were upregulated in bees fed with pollen, but Sod2 showed no response. Crossspecies analyses of vertebrates have found that high antioxidant levels and longevity are not positively correlated (Perez-Campo et al. 1998) . In honey bees, queen longevity is also not linked to increased antioxidant gene expression (Corona et al. 2005) .
We expected that the expression patterns of hdac1 and Sir2 in honey bee would be similar to trends observed in C. elegans and Drosophila. Indeed, hdac1 was the highest in the control (no protein) and was significantly reduced in bees fed pollen or pollen + RJ. This fits the prediction based on results from C. elegans and Drosophila (Chang and Min 2002) because this gene is considered an aging gene. However, expression of Sir2 in the abdomen was not significantly different among three groups. How these genes affect honey bee longevity is not clear at this time, and it will be the subject of future research.
